nature of gas evolved. Moreover, the parameter J is almost proportional 10 the KOH concentration, increases in a decreasing rate with increasing pressure and increases linearly with the reciprocal of the absolute temperature.
NOMENCLATURE
experimental constants surface area of observed part of the electrode for picture i (m-') concentration of dissolved gas (mol tY3) saturation concentration of dissolved gas (mol mV3) wall supersaturation of dissolved gas (mol m ") average bubble population density (me2) bubble population density for picture i (m-') diffusion coefficient of species j (m2 s-') = 96.487 lo6 C kmol-', Faraday constant slope of log J/log i curve slope of log (J/(Jo -J))/log " curve electric current density; (picture number) (Am-') electric current density, used for gas in bubbles (Am-') electric current density, used for dissolved gas (Ame2) exchange current density (A mm2) electric current (A) basic bubble parameter (m ') ./at u =Oms-' (m- For a better understanding of the performance of gas-evolving electrodes, the knowledge of the behaviour of bubbles present on the gas-evolving electrodes is necessary. The bubble behaviour is characterized by a set of parameters, eg radius of bubbles, degree of screening by attached bubbles, volume of attached bubbles per unit electrode surface area, bubble population density on electrode surface and bubble radius distribution function [i] .
In 1982 an interesting survey on electrochemical reactors with gas evalution was published by Vogt [2] .
In this survey, also already published results on bubble behaviour are discussed. More recently, Sillen [3] has published a thesis containing many experimental results about the effect of electrolytic parameters, oiz current density, solution flow velocity, pressure, concentration of KOH and temperature on parameters characterizing the bubble behaviour.
Some of Sillen's results are used in this paper. A basic parameter having the dimensions of reciprocal length, is proposed to describe the bebaviour of attached bubbles. Generally useful relations, deduced from Sillen's experimental results, are given for the effect of electrolytic parameters on the basic parameter proposed.
EXPERIMENTAL

Electrochemical measurements
The experiments have been carried out with an acrylate cell for atmospheric pressure and for forced and natural convection and a stainless steel electrolysis cell with transparent windows for elevated pressures The acrylate cell is sketched in Fig. 1 . To obtain a parallel liquid flow and to prevent flow instabilities, a grid was placed in the cell. At forced convection, the flow circuit, given in Fig. 10441 is used. The two-phase mixture degassed in the hydrocyclonc. The liquid flow velocity is measured with turbine flow meters. The working electrode is an optically transparent nickel electrode with a width of 1 cm and a height of 3 cm. This electrode is placed vertically. Its preparation technique and some of its properties are given in[l]; its square ohmic resistance is of the order of l(t20R.
The distance between the working electrode and the counter electrode (a nickel perforated plate of 1 x 10cm2, placed symmetrically opposite the working electrode), is approximately 4 cm. Interactions of hydrogen and oxygen bubbles do not occur in the vicinity of one of the electrodes.
The stainless steel electrolysis cell is schematically represented in Fig. 2 . This cell 1s oniy used for elcctrolysis under natural convection. The working electrode is an optically transparent nickel disc electrode of 3.06cm2 [1] and is mounted in the cell as a window. Experiments have been carried out at vertically and horizontally placed working electrodes. The counter electrode is a platinum sheet of 5 cm'. Both compartments have a volume of about 1 000cm3. The produced hydrogen and oxygen are recombined at a glowing platinum wire in a recombiner. To obtain elevated pressures, the vessel was connected to a nitrogen cylinder with a high nitrogen pressure. The pressure was measured with a pressure gauge. The electrolyses have been carried out galvanostarically at a constant temperature of the electrolyte measured with a thermocouple.
The effect of current density, i, has been determined at decreasing i at free and forced convection, both for hydrogen and oxygen evolution. The effect of forced convection has been investigated, for hydrogen evolution at one and, for oxygen evolution, at two values of i, at decreasing L;.
The elTect of pressure, p. has only been obtained at free convection, with a vertical (hydrogen and oxygen) and a horizontal electrode (oxygen only), both at decreasing p. Determination of the pressure influence for hydrogen evolution at a horizontal electrode was impossible because of formation of a mist of bubbles in the electrolyte above the horizontal electrode. The temperature effect has been studied experimentally at increasing and decreasing Tat free and forced convection, yet only for oxygen evolution. Experiments at increasing KOH concentration have been carried out at free (hydrogen and oxygen) and forced convection (oxygen only). Unless otherwise mentioned, the experiments have been carried out at the standard conditions of 2 kA m-', 303 K and 101 kPa (atmospheric pressure) with a 1 M KOH electrolyte and at a solution flow velocity of 0.3 m s-' for forced convection.
Optical measurements
The against-the-light photography has been applied to picture the hydrogen and oxygen bubbles present on an optically transparent nickel electrode. For both electrolysis cells the experimental set-ups for taking pictures are schematically represented in Figs 1 and 2 .
The optical system consists of a mercury arc 1A (Oriel-HBO 100 W/2, arcsize 0.25 x 0.25 mm'), a lens to focus the light beam, a microscope objective (no ocular has been used) and a high speed film camera (Hitachi, type: NAC 16D). The magnification can easily be varied by using another objective or by varying the distance between the objective and the camera. Picture frequencies up to 2000 frames pers were used to obtain sharply pictured bubbles. For every optical configuration, a graduated scale (1 mm, divided in 100 equal parts) is recorded at the location of the working electrode, in order to determine the magnification factor. Light marks on the edge of the film, initiated by the film camera every 1, 10 or 100 ms, indicate the framing frequency. The bubbles on every single picture of the film can be visualized on the screen of a motion analyser (Hitachi, type: NAC MC- OB/PH-160B). The size of every bubble on this screen can be measured and recorded on magnetic tape. The magnification is obtained by measuring the matching graduated scale. Data handling is performed by the university computer system (Burroughs 7700). With a computer programme various bubble quantities, such as size, gas volume fraction, distribution curves. can be obtained and easily averaged over one or more pictures.
3. RESULTS
Description of bubble behauiour
The behaviour of bubbles at the electrode surface shows fluctuations around a quasi-stationary state. The quasi-stationary state changes slowly at increasing time of electrolysis. The time scale of the fluctuation of bubble behaviour is some orders of magnitude smaller than the scale at which the quasi-stationary state changes.
At each instant, bubbles originating from different cavities, are in different stages of the growth process. Consequently, both the number and size of the attached bubbles vary in time. It has been observed that bubbles leaving their originating cavities without departing from the electrode surface slip across the electrode surface. They collide with other attached bubbles and new bubbles are formed by coalescence of the colliding bubbles. The newly formed bubbles either depart from the electrode surface or slip further across the electrode surface. They leave behind bubble-free tracks on the electrode surface. Thereafter, on these tracks a burst occurs of freshly formed bubbles, after which the cycle is repeated.
At natural convection the slipping bubbles move mainly in vertical direction at a vertical electrode and randomly at a horizontal electrode. The direction of bubble slip depends on that of the electrolyte flow. In comparison with a horizontal electrode, much more significant and periodical fluctuations in the bchaviour of bubbles occur at a vertical electrode. The behaviour, as described above, concerns both hydrogen and oxygen evolution. Yet, some gradual differences between hydrogen and oxygen bubble behaviour exist. It is well-known that in alkaline solutions hydrogen bubbles do not coalesce as easily as oxygen bubbles do and that hydrogen bubbles are smaller than oxygen bubbles. Consequently, due to the different coalescence behaviour, ascending, slipping hydrogen bubbles do not swallow up attached bubbles as easily as oxygen bubbles do. Additionally, because of their small size, the sphere of infhtence of hydrogen bubbles is less extended than the one of oxygen bubbles. These two phenomena result in less substantial fluctuations in the hydrogen bubble behaviour in comparison with oxygen.
Another remarkable difference between hydrogen and oxygen evolution is the occurrence of a layer of free hydrogen bubbles, gliding over the layer of attached hydrogen bubbles. The layer of the gliding bubbles hardly affects that of the attached bubbles. At the oxygen evolving electrode, such a phenomenon has not been observed. Consequently, for the hydrogen
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evolving electrode a clear distinction between adhered bubbles and free bubbles is difhcult to make and on the other hand for the oxygen evolving electrode this distinction is very clear.
Determination of bubble parameters
In order to characterize the bubble behaviour, the following bubble quantities have been determined fom observations of an electrode surface area, Ai, with Ni attached bubbles: At constant gas production rate the average bubble R, usually increases with decreasing d. It is likely that there is a strong relationship between these parameters. Analysing the experimental results, a new basic bubble parameter J is proposed. This parameter is defined by J = V, djs. The basic bubble parameter J is closely related to the parameter used, describing the mass transfer of indicator ions to an oxygen evolving electrode[ 11. The parameter of [l] is equal to the average diameter of an adhered bubble at time of coalescence multiplied by the bubble population density on the electrode surface.
The bubble behaviour on a small electrode surface. area was filmed during a certain period of time. The number of pictures of the film used to determine d, R,, s, If, and J depends on the fluctuation in the bubble behaviour and the number of bubbles on a nicture. At least 10 pictures of 0.23 mm' surface area, taken 50 ms after each other, were used determining the bubble parameters for oxygen evolution with theexception of the experiments with variation of pressure and electrolysis time. In the latter cases mostly three pictures of electrode surface area varying between 0.9 and 4.5 mm2 were observed.
For hydrogen evolution usually only four pictures of electrode surface area lying between 0.23 and 0.75mm' were used, because of the much higher bubble population density.
It has been found that the average bubble parameters obtained from about four subsequent pictures are practically equal to those obtained from 12 successive pictures.
Time of electrolysis
The bubble population density on a transparent nickel electrode evolving oxygen decreases at a decreasing rate as a function of time of electrolysis [I] . New results are given in Fig. 3 . The basic bubble parameter J, however, remains practically constant after electrolysis of about 60min. On the other hand, the other two parameters, oiz the average density of bubble population and the average diameter of attached bubbles, change yet.
To obtain a reasonably constant electrode surface and to carry out complete series of experiments within a short period, series of experiments were usually started after 30min of pre-electrolysis. Within a series of experiments the period between subsequent taking of pictures was usually 5min.
Current density
The effect of current density has been determined at decreasing i at free and forced convection, both for hydrogen and oxygen evolution. Only during hydrogen evolution, a layer of free bubbles glides over the layer of attached bubbles. Consequently, in this case, the determination of d and R, is quite difficult.
For both hydrogen and oxygen evolving vertical electrodes in 1 M KOH at 303 K and 101 kPa results are given in Table 1 for various current densities at free convection (t; = Om s-l) and forced convection (v -0.3ms-'). Table 1 shows that for both hydrogen and oxygen evolution at both free and forced convection, d, R, m, s, V, and J increase with increasing i, and that R, decreases with increasing i.
Special attention is given to the basic bubble parameter J. This parameter is plotted us i on a double logarithmic scale for an oxygen evolving electrode in Fig. 4 and for a hydrogen evolving electrode in Fig. 5 . Only for the lowest current density a deviation occurs clearly. The slope hi of log J/log i curve depends on the nature of gas evolved, but does not depend on the velocity of soution flow. The slope h, = 1.15 for oxygen evolving electrodes (Fig. 4 ) and 2.7 for hydrogen evolving electrodes (Fig. 5) . In general d, R,, R,, m, s, V, and J decrease with increasing velocity of solution flow. It isvery likely that this effect is relatively small at a high current density, eg 5 kAm_', and a low velocity of solution flow, eg 0.1 ms-'.
Plotting J us u and extrapolating J to v = Om SC', Jo, is obtained. From the results of Table 2 it can be shown that for oxygen evolution Jo = Smm-' at 2 kAm-'and23 mm-'at 5kAm-',and forhydrogen evolution Jo = 6Omm -' at 2 kA m-*. To describe the dependence of the basic bubble parameter J on u, the term J/(JO -J) is plotted US t' on a double logarithmic scale as presented in Fig. 6 for oxygen evolution at 2 and 5kAm-' and for hydrogen evolution at 2kAm-'. Figure  6 shows that log (J/(J,, -J) decreases linearly with increasing velocity of solution flow; its slope h, does not depend on both current density and nature of gas evoived and is equal to -2.9.
Pressure
The effect of pressure has been studied at only free convection for both oxygen and hydrogen evolving vertical electrodes and for oxygen evolving horizontal electrodes. The experiments have been carried out in the sequence of decreasing pressure.
Results are given in Table 3 for gas evolution with 2 kAm_' in 1 M KOH at 303 K. This table shows clearly that d and J increases and R,, R., m, s and V,, decrease with increasing pressure for both positions of electrodes and for both gases evolved. The basic bubble parameter J is plotted us p in Fig. 7 on a double logarithmic scale. Figure 7 shows that for oxygen evolution J increases in a decreasing rate with increasing pressure and approximates a constant value at pressures higher than 505 kPa. The shape of the logJ/logp for a vertical electrode equals that for a horizontal electrode. For hydrogen evolution J does not depend on pressure.
Temperature
The experiments on the effect of temperature have been carried out only for oxygen evolving vertical electrodes at free and forced convection (0.3 m s-'1. At free convection, experiments have been carried out at increasing and decreasing temperature, and at forced convection only at increasing temperature. The experimental results given in Table 4 for both types of convection are given in the sequence of performance.
The experiments have been carried out in 1 M KOH, at 2 kA m-' and 101 kPa. Table 4 shows a small effect of hysteresis and, generally, a decrease of d, s, V, and J with increasing temperature and practically no effect of temperature on R, and R,,, at free convection.
In Fig. 8 log J is plotted vs T-' for oxygen evolution at free and forced convection. This figure shows that the temperature effect on J is much stronger for forced convection than for free convection.
KOH concentration
The bubble behaviour at various KOH concentrations has been investigated for vertical electrodes at free (hydrogen and oxygen evolution) and at forced convection (only oxygen evolution). The experiments have been carried out with increasing KOH conccntration; after each experiment the electrolyte has been changed. Results are given in Table 5. This table shows that d, s, V, and J increase with increasing KOH concentration and, on the other hand, R, and R,,, decrease with increasing KOH concentration. Figure 9 shows the effect of KOH concentration on the basic bubble parameter J. The velocity of solution flow has practically no effect on the shape of log J/log [ROH] curve. The e&ct of KOH concentration on J for oxygen evolution is much greater than that for hydrogen evolution.
DlSCUSSlON
A gas-evolving electrode is an electrode on which bubble formation occurs. The formed gas is transferred to the bulk of solution by bubbles departing from the electrode surface as well as by diffusion and convection of dissolved gas. During bubble formation the supersaturation at electrodeand the transfer rate of dissolved gas to the bulk of solution depend on many factors, eg flow of solution, rate of formation of gas, population density of attached bubbles; growth rate of bubbles and size of detached bubbles. Many of these factors affect each other. Consequently, there will be no simple relation for the ratio of the rate of quantity of gas transferred by bubbles to that transferred by mass diffusion and convection. When no bubble formation occurs, all the formed gas is transferred to the bulk of solution by mass diffusion and convection. It is likely that the contribution of bubbles to transfer of gas increases with increasing rate of gas formation and with decreasing velocity of solution flow.
Deviations in the log J/log icurves from the straight solid lines occur at the lowest current density, in particular at forced convection with v = 0.3ms-' (Fig. 4) . Assuming a linear relation between log J and log i,, where i, is the current density used for production of gas taken up by bubbles present on the electrode surface, from Fig. 4 it can be estimated that i, =0.15kAm~2andi,=0.35kAm~2foroxygenevol-ving at i = 0.5 kA m -' and forced convection with v = 0.3ms-I. The symbol i, indicates the rate of transfer of dissolved oxygen by diffusion and convection to the bulk of solution. For an oxygen evolving electrode in 1 MKOH and at i = 0.5 kAm_', 303K, 101 kPa and L; = O.3ms-', the mass transfer coefficient k for Fe(CN)iis 10-4ms-' [5] . Since k is proportional to Do,' for an oxygen evolving electrode at free convection [l] and assuming the same proportionality at forced convection, from the diffusion coefficients of oxygen [6] and Fe(CN)i- [I] it follows that Q = 1.5 kPe(cN1+_. . It is likely that the dependence of J on i can be strongly affected by transfer of gas by diffusion and convection, particularly at low current densities and high velocities of solution flow.
The slope h, being the slope of straights of Figs4 and 5 does not depend on 2;, but depends on nature of gas evolved. The slope h, of log (Ur/(J,, -J))/log t; curves is independent of nature of gas evolved and current density (Fig. 6) .
From Figs 4-6 it follows that for a vertical transparent nickel electrode in 1 M KOH and at 303 K and 101 kPa n = 1.07 for oxygen evoution and h, = 3.2 for hydrogen evoluton and h, = -2.9 for oxygen as well as for hydrogen evolution.
The effects of KOH concentration, temperature and pressure upon J cannot be described by relatively simple relations, although for both gases an almost linear dependence of J on KOH concentration has been found (Fig. 9) .
The effect of pressure depends on the nature of gas evolved; for hydrogen evolution J is independent of the pressure at pressures from 25 to 3030 kPa and for oxygen evolution J increases with decreasing rate at in&easing pressure and reaches practically a limit value at about 505 kPa. The shaDe of the 1ogJlloe D curve is the same for the verticai and the h&o&l working electrode. For oxygen evolution .I increases linearly with increasing reciprocal value of the absolute temperature but the slope of log J/T- ' curve increases with increasing velocity of solution, probably caused by an increase of transfer of dissolved oxygen by diffusion and convection at increasing temperature.
For various series of experiments the values of J show a large spread. For instance, the experimental valuesofJare8.6,9.4,9.5,13.7, 10.6and20.7mm-1for an oxygen evolving vertical electrode in 1 M KOH at 2 kA m-', 303 K, 101 kPa and at free convection. It can be concluded, that the reproducibility of the nature of oxygen evolving transparent nickel electrode is reasonable.
From the results given in Table 1 The ratio of the rate of gas evolution to V, can be considered to be an average replacement rate of the gas present on the electrode surface by newly formed gas. Evidently, this and the degree of screening of electrode surface by bubbles have to determine mass transfer of species to and away from the electrode surface.
The presence of gas bubbles on the electrode surface causes an increase of the ohmic resistance of the electrolyte layer, adjacent to the electrode surface. It can be shown that this resistance increase is closely related to V, and the bubbles departure radiusr31. These results are useful to elucidate the increasi (;f ohmic resistance in an alkaline water electrolyser.
